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Abstract The short persistence of cecropin B peptide in plants,
due to post-translational degradation, is a serious impediment in
its effective utilization for developing bacterial resistance
transgenic plants. Two DNA constructs encoding the full-length
precursor of cecropin B peptide and the mature sequence of
cecropin B peptide preceded by a signal peptide derived from rice
chitinase gene were transformed in rice. The differences in the
transcriptional levels in independent transgenic lines showed
moderate to high expression of cecropin B gene that correlated
well with the differences in cecropin B accumulation observed by
Western blot analysis. The development of lesions resulting from
infection by Xanthomonas oryzae pv. oryzae was significantly
confined in the infected leaflet of transgenic lines, when
compared with the control plants. ß 2000 Federation of Euro-
pean Biochemical Societies. Published by Elsevier Science B.V.
All rights reserved.
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1. Introduction
Over the last few decades, use of agrochemicals in control-
ling phytobacterial attack has played a major role in meeting
world food needs. However, in recent years, concerns have
arisen out of ¢ndings relating these agrochemicals to adverse
impact on human health and environment. Likewise, conven-
tional plant breeding has been considerably successful in the
development of new plant cultivars with enhanced resistance
to several diseases, but due to the paucity of genes for these
traits in the usable gene pools, this approach has limited
scope. Genetic engineering of plants by transferring a gene
of interest in otherwise superior genotypes has now been ac-
cepted as a method of choice for directional improvement. To
engineer plant resistance against bacterial diseases, di¡erent
genetic strategies have been proposed which also include anti-
bacterial proteins of non-plant origin (see review [1]).
Cecropins are a family of potent antibacterial peptides in
immune hemolymph of the Cecropia moth [2]. They are syn-
thesized in the fat bodies as a preproprotein consisting of 31^
39 amino acid residues and adapt K-helical structure on inter-
action with bacterial membranes resulting in the formation of
ion channels [3]. At low concentrations (0.1^5 WM range),
cecropins exhibit lytic antibacterial activity against several
Gram-negative and Gram-positive bacteria, but not eukary-
otic cells [4,5], thus making it a potentially powerful tool for
engineering bacterial disease resistance into crops.
The introduction of genes encoding small antimicrobial
peptides when introduced into plants did enhance their resis-
tance to bacterial and fungal pathogens [6^9]. Also, genes
encoding cecropins and its analogs have been expressed in
transgenic tobacco with contradictory results regarding patho-
gen resistance. Reduced disease symptoms upon bacterial in-
fection were observed in transgenic tobacco expressing cecro-
pin analogs [10,11]. In contrast to these results, no di¡erence
in disease response was observed in transgenic tobacco/potato
plants expressing the genes for either the cecropin B or a
chimeric cecropin B/cecropin A [12^14]. Subsequent studies
revealed that expression of cecropin B gene in plants does
not result in detectable cecropin B levels, presumably due to
degradation of the peptide by host peptidases [15]. Protection
of cecropin B from cellular degradation was, therefore, ex-
pected to provide a viable approach towards developing bac-
terial resistance transgenic plants.
We have previously isolated and characterized cecropin B
from Bombyx mori [16] and evaluated its in vitro biological
activity against several phytopathogenic bacterial species [17].
In this study, we report for the ¢rst time that cecropin B
peptide when translocated into the intercellular spaces in
rice transgenic plants is protected from the degradation by
plant peptidases and confers enhanced resistance against
Xanthomonas oryzae pv. oryzae infection.
2. Materials and methods
2.1. Construction of expression vectors
For transformation, two expression vectors were constructed that
contain cecropin B gene from B. mori driven by the control of a high
expression promoter, E76In [18].
Plasmid 1 (pRcec19-1). A DNA fragment (V190 bp) containing the
complete coding region of cecropin B precursor (cecB) was ampli¢ed
from a cDNA clone, BmCec19 [16], that served as a template in a
PCR ampli¢cation to create BamHI and SacI sites by using gene-
speci¢c primers Cec19a GTACggatccGCTTGTGTCTTAACG and
Cec19b AAAgagctcTTTCCGATAGCTTTAGCCG (small, italicized
letters in the primer denote a restriction enzyme site for subcloning
of the DNA fragment containing cecropin B gene). The cecropin B
gene fragment obtained was ligated into BamHI/SacI-digested
pBI7133 [18] to generate the pRcec19-1 gene construct (Fig. 1).
Plasmid 2 (pRSPcec19-2). In order to secrete cecropin B intercellu-
larly, signal peptide of the rice chitinase protein was fused with the
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coding sequence of mature peptide of cecropin B (SP-cecB). For this,
a signal peptide coding sequence of rice chitinase gene (RCG3) [19]
was ampli¢ed using primers Cht-1 CATTggattccCATTGCCGGCC-
GCCATGAGAGCACTCGC (small, italicized letters in the primer
denote a restriction enzyme site) and Cht-2 GATCTTCCACC-
TGCCGCGCACGGC. The primer Cht-2 is an overlapping primer,
which contains a part of the cecropin B coding sequence (underlined)
and a partial signal peptide sequence (double underlined) from the
rice chitinase gene. The DNA fragment containing the coding se-
quence of mature cecropin B was ampli¢ed by using primers Cec19c
AGGTGGAAGATCTTCAAGAAAATT (underlined letters denote
complementary sequence of cecropin B mature peptide with the
underlined letters in Cht-2 primer) and Cec19b. Both fragments
were directly joined by recombinant PCR in frame using Pfu DNA
polymerase [20]. The authenticity of the PCR-ampli¢ed fragment from
the chimeric product was con¢rmed by sequencing and ligated into
BamHI/SacI-digested pBI7133 [18] to generate the pRSPcec19-2 gene
construct (Fig. 1). The resulting binary vectors were introduced into
Agrobacterium tumefaciens LBA4404 by a freeze^thaw method.
2.2. Transformation and regeneration of transgenic plants
Stable transgenic lines of rice (Oryza sativa L. japonica cv. Nippon-
bare), with pRcec19-1 and pRSPcec19-2 gene constructs were devel-
oped following the protocol by Hei et al. [21]. About 20^25 kanamy-
cin resistant plants generated for each construct were grown in
individual pots in a growth chamber under a 16 h light/8 h dark
regime. Integration of constructs into the rice genome was con¢rmed
by PCR analysis. The progeny (T1) was used to determine the expres-
sion and resistance level in the transgenic rice plants.
2.3. Expression of cecropin B in transgenic plants
Total RNA was isolated from leaf tissues of 5^6 week old plants
using RNeasy Plant Mini kit (Qiagen). For Northern analysis, total
RNA was denatured in formaldehyde, electrophoresed and trans-
ferred to a Hybond1-N nylon membrane (Amersham Pharmacia
Biotec, UK). Hybridization and washing of the blots were done using
standard protocols.
2.4. Bacterial isolate, inoculation and resistance scoring in transgenics
X. oryzae pv. oryzae isolate was grown for 72 h at 30‡C on peptone
sucrose agar. The bacterial suspension for inoculation was prepared
by adding sterile distilled water to the surface of the agar media and
adjusted the bacterial population to 1U108 colony forming units per
ml. Six week old, green house grown rice plants (T1) with fully ex-
panded leaves were wounded with multiple needles [22]. After inocu-
lation, plants were kept in a growth chamber. The size of the lesion on
the leaves was measured to evaluate the level of resistance by scoring
the appearance of bacterial leaf blight symptoms for 12 days after
inoculation. Scoring was done based on a disease index using a ¢ve-
point scale as described by Ou et al. [22].
2.5. Protein extraction and Western blot analysis
Protein extraction from control and transgenic rice plants was per-
formed using extraction bu¡er (50 mM sodium phosphate bu¡er, pH
7.0, 20 mM sodium metabisulfate, 2 mM EDTA, 2 mM dithiothreitol,
1 mM phenylmethylsulfonyl £uoride (Sigma, St. Louis, MO, USA),
1 WM pepstatin (Sigma) and 0.5 Wg/ml leupeptin). The apoplastic £uid
from rice leaves was collected by centrifugal extraction of intercellular
£uid [23] and the remaining leaf tissues were extracted to obtain the
intracellular protein.
For Western blotting, ¢xed amounts of total protein extracts were
run on Tricine^SDS^PAGE [24] and transferred onto a PDVF nylon
membrane (Amersham Pharmacia Biotec, UK). Immunodetection was
performed using polyclonal rabbit anti-cecropin B serum as primary
antibody with a 1:3000 dilution of goat anti-rabbit alkaline phospha-
tase-conjugated secondary antibody (Amersham Pharmacia Biotec).
Detection of antigen^antibody complexes was performed with en-
hanced chemiluminescence using ECL1-Plus kit (Amersham Pharma-
cia Biotec), and the images were recorded on X-ray ¢lm.
Fig. 1. Schematic representation of cecropin B gene constructs driven by a high expression promoter vector, E76In, which includes tandem re-
peats of the 5P enhancer sequences of the CaMV 35S promoter, omega (6) sequence from the tobacco mosaic virus and the ¢rst intron of a
gene for phaseolin, used for rice transformation. pRcec19-1 encodes the full-length cecropin B precursor (cecB). pRSPcec19-2 encodes the ma-
ture sequence of cecropin B (m-cecB) peptide preceded by a signal peptide (SP) derived from rice chitinase gene (SP-cecB). The T-DNA of
these binary vectors has the nptII gene under the control of NOS promoter for a selectable marker, which confers resistance to the antibiotic
kanamycin. Tnos is polyadenylation signal of the CaMV 35S transcript.
Fig. 2. Autoradiographs of Northern blot analysis of total RNA
isolated from selected transgenic rice plants. Transgenic plants with
pRcec19-1 (Rcec-2, -5, -6, -7, -9, -10, -12, -13, -14, -15, -19) or with
pRSPcec19-2 (RSPcec-1, -3, -4, -6, -7, -8, -10, -11) were analyzed.
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3. Results
3.1. Expression of cecropin B gene constructs in rice
Seeds from the transgenic plants transformed with either
pRcec19-1 (cecB) or pRSPcec19-2 (SP-cecB) were germinated
in the presence of kanamycin, and a 3:1 segregation for resis-
tance to this antibiotic was observed in most of the progenies
indicating a single copy insertions. The presence of a V190
bp reverse transcription PCR product in rice transformants
which was absent in RNA from untransformed plants was
further analyzed to determine the level of cecropin B
mRNA transcript by Northern blot analysis for both the
constructs (Fig. 2). Hybridization with a cecropin B-speci¢c
probe indicated that the level of cecropin B mRNA varied in
di¡erent transgenic plants and also depended on the con-
structs used in the transformation. As shown in Fig. 2, the
expression level of cecropin B transcript was signi¢cantly
more in transgenic plants containing the SP-cecB gene
(pRSPcec19-2) as compared to the construct with only cecB
gene (pRcec19-1).
3.2. Resistance of cecropin B-transformed rice to bacterial leaf
blight
Because cecropin B showed 50% growth inhibition of
X. oryzae pv. oryzae at a concentration of 1.8 þ 0.2 Wg/ml in
vitro growth inhibitory assay carried out by our group pre-
viously [17], we assessed the resistance of cecropin B-trans-
formed plants to the bacterial leaf blight using both the de-
tached lea£et assay and the whole-plant infection test.
Transgenic plants from the progenies of transformants Rcec-
2 and Rcec-13, which had the highest expression levels among
those carrying the pRcec19-1 gene construct (cecB), as well as
from the progenies of regenerants RSPcec-3 and RSPcec-8,
which carried the pRSPcec19-2 construct (SP-cecB), were
used for the experiment. The symptoms caused by X. oryzae
pv. oryzae on detached lea£ets of RSPcec-3- and RSPcec-8-
Fig. 3. Enhanced resistance to bacterial leaf blight disease in cecropin B-transgenic rice plants. (A) Disease symptoms caused by X. oryzae pv.
oryzae on detached lea£et of rice transformed with pRSPcec19-2 gene construct (SP-cecB) and untransformed control lines. Transgenic
(RSPcec-8) and control (WT) rice leaves were inoculated and evaluated as described in Section 2. Photograph was taken 10 days after inocula-
tion showing con¢ned lesions growth in RSP-8 as compared to WT with coalescent and elongated lesions. (B) Progression of X. oryzae pv. ory-
zae infection in transgenic (RSPcec-3 and RSPcec-8) and control rice plants. Points represent the mean of six replicate inoculations of each
line. Vertical bars represent standard errors of the mean.
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transformed lines progressed more slowly than on lea£ets of
the Rcec-2, Rcec-13 and control lines. This was re£ected by
the reduced growth rate of lesions from the infected lea£ets of
the transgenic lines obtained through only pRSPcec19-2. The
lesions caused by the pathogen are exempli¢ed in Fig. 3A and
the quantitative results are summarized in Fig. 3B. It is evi-
dent that the appearance of the lesions on lea£ets of trans-
genic lines RSPcec-3 and RSPcec-8 was con¢ned only to the
site of inoculation even after 10 days of inoculum application
as compared to the non-transgenic control plants which were
susceptible to this pathogen and showed coalescent and ex-
panded lesions. Transgenic lines that were transformed with
the pRcec19-1 construct did not show signi¢cant protection
against X. oryzae pv. oryzae infection (data not shown).
3.3. Gene expression and intercellular localization of cecropin B
in transgenic rice
To determine the level of cecropin B gene product produced
in transgenic rice plants obtained by pRcec19-1 and
pRSPcec19-2, Western blot analysis was performed using
the antibody raised against the cecropin B peptide. A speci¢c
signal of the 4 kDa protein band was detected in most of the
transgenic plants containing the pRSPcec19-2 gene construct
(Fig. 4). However, no speci¢c signal could be detected in
pRcec19-1 introduced plants (data not shown).
Because the chimeric cecropin B gene (pRSPcec19-2) intro-
duced into rice plants contained chitinase signal peptide se-
quence, the intercellular targeting of cecropin B in transgenic
rice lines was examined. As shown in Fig. 4, Western blot
analysis of the protein from the intercellular wash £uid
(ICF) of leaves showed that the majority of cecropin B is
secreted into the apoplast (lanes 4^7), though lower amounts
of cecropin B were also detected in the intracellular fractions
(lane 9). The minor di¡erence in the movement of protein
band detected from total leaf protein (lane 10) may represent
cecropin B at di¡erent states of processing. The di¡erences in
the transcriptional and translational levels revealed by North-
ern (Fig. 2b) and Western (Fig. 4) blot analysis, respectively,
were in good agreement for most of the lines.
4. Discussion
Earlier attempts made towards developing transgenic plants
using cecropin B gene did not meet with success because of
cellular degradation of this peptide by plant endogenous pep-
tidases, thereby limiting a critical level su⁄cient to kill the
pathogen [12^14]. Interestingly, the rate of degradation of
cecropin B and its structural analog varied in intercellular
£uids of di¡erent crops. Owens and Heutte [25] showed the
half-life of cecropin B peptide to be 3 min in potato, 2.5 h in
tobacco and 25.5 h in rice. Similar results were obtained in
our laboratory indicating enhanced stability of cecropin B in
rice intercellular £uid when compared to tobacco (unpub-
lished data). These ¢ndings strongly suggested the possibility
of tailoring cecropin B protein genes for plants showing a
reduced rate of protein degradation. In order to make this
protein e¡ective for the control of bacterial leaf blight in
rice, it was imperative that this peptide must be translocated
into the intercellular spaces at the earliest to prevent cellular
degradation. This was achieved by fusing the coding sequen-
ces of mature protein of cecropin B to the sequence of signal
peptide of chitinase gene of rice which is known to direct the
secretion of chitinase gene product into the intercellular
spaces in rice [19]. In fact, signal peptide of PR1a gene of
tobacco for expressing sarcotoxin 1A peptide has been suc-
cessfully used in tobacco for developing resistance to bacterial
disease [9]. The transgenic rice plants developed in the present
study carrying cecropin B gene fused with signal peptide se-
quence of chitinase gene di¡ered signi¢cantly in their reaction
to X. oryzae pv. oryzae. While plants carrying SP-cecB gene
(pRSPcec19-2) showed reduced growth of the lesions and
thereby better protection from the pathogen, the transgenics
having only cecB gene (pRcec19-1) were found to be suscep-
tible. The increased resistance manifested by the reduced size
of the lesions was observed in all the transgenic lines harbor-
ing SP-cecB gene construct. In transgenic plants with rela-
tively low levels of SP-cecB gene expression, bacterial growth
though signi¢cantly reduced, but was not completely arrested.
Interestingly, the signal peptide used in the present study also
enhanced the level of transcription of cecropin B gene. This is
a signi¢cant observation because the elevated levels of tran-
scription will add to the available levels of cecropin B in the
intercellular spaces. The results from the Western blot analysis
correlated well with those from X. oryzae pv. oryzae suscep-
tibility test. In particular transgenic plants RSPcec-3 and
RSPcec-8 which showed a high level of resistance (Fig. 3),
also showed the highest level of intercellular cecropin B pep-
tide in rice plants (Fig. 4) where it was protected from cellular
degradation and could e¡ectively contain the invading patho-
gen. Taken together, the results obtained in the present study
are quite encouraging and unambiguously suggest that consti-
tutive expression of peptidase sensitive cecropin B like lytic
peptides when attached to the signal peptides for their trans-
location into intercellular spaces provides an exciting ap-
proach for e¡ectively utilizing them in developing bacterial
resistant transgenic crop plants. Further e¡orts are in progress
to optimize the expression of more active defense genes to test
the generality of this study.
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